Background: The aim of this study was to examine the effect of arm position on proximal humerus fracture configuration and to determine whether cortical thinning would predispose to fracture propagation and more complex patterns of injury. Methods: A drop test rig was designed to simulate falls onto an outstretched arm ('parachute reflex'). Thirty-one cadaveric specimens underwent computer tomography scanning and cortical thicknesses mapping. Humeri were fractured according to one of the two injury mechanisms and filmed using a high-speed camera. Anatomical descriptions of the injuries were made. Areas of thinning were measured and correlated with zones of fracture propagation. Results: Direct impact simulation resulted in undisplaced humeral head split fractures in 53% of cases, with the remainder involving disruption to the articular margin and valgus impaction. Alternatively, the 'parachute reflex' predominantly produced shield-type injuries (38%) and displaced greater tuberosity fractures (19%). A strong correlation was demonstrated between cortical thinning and the occurrence of fracture (odds ratio ¼ 7.766, 95% confidence interval from 4.760 to 12.669, p<0.0001). Conclusion: This study has shown that arm position during a fall influences fracture configuration of the proximal humerus. Correlating fracture pattern and mechanism of injury will allow more appropriate fracture reduction techniques to be devised.
Introduction
Proximal humeral fractures are one of the most common fragility fractures and with an ageing population their incidence is on the rise. 1, 2 Disability is a common sequela due to severe pain and stiffness resulting in a loss of upper extremity function. 3, 4 Proximal humeral fractures have been demonstrated to occur through epiphyseal lines that are retained in adult life as thin wedge-shaped subdivisions. These act as lines of cleavage and divide the humeral head into four distinct fragments as it abuts the cranial portion of the hard glenoid bone: the humeral head superior to the anatomical neck, the lesser/greater tuberosities with intact tendon insertions, the humeral shaft, or a combination these fractures involves either a direct impact onto the ground with the arm in external rotation or onto an outstretched hand ('parachute reflex'). 6 Greater tuberosity fractures, in particular, can occur as a result of an avulsion by the rotator cuff, shearing against the glenoid rim during a dislocation, or a direct impact injury to the lateral aspect of the shoulder. 8 Management of proximal humeral fractures has evolved over the years with randomised controlled trials demonstrating equal outcomes between surgery and non-operative treatment. 9 New surgical strategies are constantly being developed but need to be examined in a simulated environment before they are implemented in the clinical setting. Currently, there are no accurate biomechanical models available to do this and so the purpose of this study was to utilise a novel testing device in order to examine the effect of arm position on fracture configuration at the proximal humerus.
Methods and materials

Study design
Ethical approval was obtained before commencement of the study. Thirty-seven unpaired anonymous shoulders were used with no data regarding age or sex available. The shoulders were stored at À20 C and then thawed at room temperature for at least 12 h (in order to fully thaw the specimens) before preparation and testing. All soft tissue attachments were removed from the bone, except the joint capsule.
Each shoulder underwent computer tomography (CT) scanning performed on a Philips Brilliance 64 multi-scanner (Koninklijke Philips N.V, Netherlands) using high dosage (300 mA s) and a slice thickness of 0.67 mm. The data output was converted to pixels, thus allowing an image obtained by CT scanning to be transformed into one defined by relative radiodensity. The primary image plane was axial with a 180 by 180 mm restricted field of view to focus on the shoulder. Reformatting was performed using a Philips bone algorithm with a slice thickness of 0.33 mm, such that overall voxel size was 0.324 by 0.324 by 0.33 mm. This aimed to achieve the most detailed fine cut images available in the clinical setting. Furthermore, the thin slices and reformatting aimed to reduce partial volume effect.
Mechanism of injury
The two mechanisms of injury (impact position) examined were a direct impact onto the adducted shoulder in the neutral rotation (side impact simulation) and a fall onto an outstretched hand (parachute reflex). 6 The parachute reflex describes the instinctive protective movement that infants exhibit at one year of age and was characterised in this study by the shoulder being in a position of forward flexion, abduction, and internal rotation. 6 This was simulated in the UK National Shoulder Model (University of Newcastle, Newcastle Upon Tyne, UK) in order to provide a detailed kinematic shoulder position: 70 abduction, 20 angulation in the sagittal plane, and 30 internal rotation. 10 
Testing device
An unconstrained testing device was designed to reproduce a proximal humeral fracture whilst allowing filming of the process. The impact energy conferred by the testing device was similar to that generated by an individual falling to the floor from a standing height. To determine the energy required to cause a fracture, an experiment to establish the precise energy involved in a fall was performed to define the mass of the upper body (the mass that impacts the ground during a fall). To estimate the proportion of body weight that the shoulder absorbs during a direct fall onto its lateral aspect, this force plate experiment was undertaken. Twelve volunteers each lay in the lateral position with their arms adducted so that the shoulder could rest on a weighing scale. Upper body mass, total body mass, and height were recorded. The percentage of upper body mass relative to total body mass was calculated for the cohort. Average upper body mass was 35.1% and was similar to other published reports.
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Energy calculations. The energy involved during direct impact was derived using a mathematical model where the human body was represented as an inverted pendulum with the mass concentrated at the centre of mass location. The impact velocity was obtained and the fall height required for the drop mass to reach the required velocity calculated.
Fall orientation set-up. During a fall directly onto the shoulder, the force of the impact is transmitted by the ground to the lateral aspect of the proximal humerus.
In contrast, during a fall onto an outstretched hand, energy is transmitted from the wrist to the shoulder.
To reproduce these conditions a drop test rig was manufactured to allow the humeral head to rest against a prosthetic glenoid component mimicking the position of the arm in adduction and to permit the position of the humerus to be altered into one that mimicked the shoulder in the 'parachute reflex'. The glenoid was represented by a polyethylene model and housed in a poly(methyl methacrylate) (PMMA) block (Figure 1 ). To allow compression of the humeral head against the glenoid, as occurs in the 'parachute reflex', it is crucial for compressive forces to be transmitted along the longitudinal axis of the humerus. This was achieved by creating a fall with the arm in the scapula plane (30 from the midline), in 60 of glenohumeral abduction (equal to a 90 arm abduction), and in 10 of internal rotation. On test specimens though, fracture occurred through the acromion due to its lack of soft tissue coverage or at the scapula neck-PMMA resin block junction. To address this, a variation on the 'parachute reflex' was designed with a view to test the effect of falling onto an outstretched arm held in 90 of abduction and 10 of internal rotation. During side impact testing, the humeri were mounted on nylon rods and screws to prevent artefact during scanning. A 10 kg mass with rubber covering was used to allow a vertical drop onto the desired impact zone of the lateral proximal humerus to compress it against the glenoid. A rubber stop prevented the weight from further injuring and deforming the humeral head beyond physiological limits.
Testing protocol. Experiments were undertaken after humeri were mounted and subject to CT scanning. The same impact and drop speeds were used for both testing protocols. Filming of the fractures was performed using a high-speed camera recording at 758 Hz. Once the specimens fractured they were immediately placed in soft packaging and frozen at À20 C, with care not to disturb the fracture configuration. All specimens underwent repeat CT scanning as per the protocol described above.
Data analysis
Cortical thickness values from 10 zones around the proximal humerus were measured. These regions comprised the humeral head, metaphysis, diaphysis, lesser-and greater-tuberosities, bicipital groove, and regions surrounding the articular margin (anterior, posterior, medial, superior, and inferior). Cortical thickness was compared to fracture propagation to determine whether there was a correlation between the two. Marginal models (generalised estimating equations) were used with an exchangeable correlation matrix and robust standard errors to evaluate any associations with fracture. All data were inputted into Stata Version 10. The odds ratio and Spearman's rank correlation coefficient were used to analyse data.
Results
One specimen was excluded due to abnormal metaphyseal pathology and five fractures failed due to 
Side impact position simulation
Fifteen specimens were analysed. An undisplaced split of the humeral head was observed in eight out of 15 cases. All fractures propagated from the greater tuberosity into the humeral head without displacement. Occasionally an undisplaced fracture was seen to extend into the surface of the humeral head either anteriorly or posteriorly. The remaining seven fractures were more extensive and involved disruption of the articular surface in conjunction with valgus impaction and a head split. Two cases in this group had fractures emanating from the greater tuberosity.
When reviewing the video images for fractures in valgus impaction and with a head split, the latter demonstrated a characteristic appearance of a fracture line extending across the medial aspect of the anatomical neck, with the metaphyseal region being driven away from the humeral head causing it to adopt a valgus position relative to the shaft.
Parachute reflex simulation
Three distinct fractures patterns were found in conjunction to those described for side impact injuries. Sixteen cases were evaluated. Three involved an undisplaced fracture of the greater tuberosity (Figure 2) , six demonstrated shield-type fractures (Figure 3) , and seven comprised a shield split (Figure 4 ). The mechanism of injury was consistent for all three patterns, with the hard glenoid displacing the humeral head and separating its surrounding tuberosities (Figures 5 and 6 ). The less extensive greater tuberosity fracture followed a similar fracture mechanism but was not as destructive or progressive (Figure 7) .
Cortical thickness analysis
The five thinnest zones of relative cortical thickness were noted and compared to fracture zones for the corresponding cadaveric fracture sample. There were several proximal humeri whose metaphyseal region was damaged to the extent that there was insufficient continuous bone to permit analysis. Ten cases were therefore excluded from this analysis, leaving 26 eligible for study. In this group there was a strong association between cortical thinning and fracture (OR ¼ 7.766, 95% CI from 4.760 to 12.669, p<0.0001).
Discussion
Despite the frequency of proximal humeral fractures, little is understood about the pathomechanics underlying most injuries. Current theories include fractures propagating along epiphyseal scar lines, deforming muscle forces on fracture fragments, and arm position at the time of impact (direct impact versus the 'parachute reflex'). [5] [6] [7] This study is the first of its kind to use a novel biomechanical model to examine the effect of arm position at the point of impact. The influence of cortical thickness on fracture pattern was assessed and demonstrated a strong correlation with the occurrence of fracture.
Two mechanisms of injury were investigated and resulted in distinct fracture patterns. The side impact simulator produced a simple head split, which emanated from the greater tuberosity. This was accompanied by valgus impaction and relative valgus displacement of an intact articular head onto the shaft. In contrast, the 'parachute reflex' simulator resulted in three main fracture types: an undisplaced greater tuberosity fracture, a shield-type fracture, and a head split. The shield-type injury is characterised by progression of a three-part fracture pattern with the head segment forced posteroinferiorly and the cartilaginous head being sheared off from the 'shield' by the glenoid, leading to a varus/ valgus deformity. 6 We speculate that the isolated greater tuberosity fractures in this series may represent the commencement of a cascade of events that ultimately culminate in a shield-type injury.
The next important finding regarding shield-type fractures in this study was that a relatively small segment of the greater tuberosity attaches to the hard bone of the bicipital groove via the groove to the lesser tuberosity and forms a butterfly fragment (Figure 8 ). This is pertinent to three-part proximal humeral fractures where the greater tuberosity and superior part of the bicipital groove remain intact and limit the insult to the arcuate vessels thereby reducing the risk of avascular necrosis. [5] [6] [7] The role of cortical thickness in the occurrence of proximal humeral fractures has additionally been investigated by Skedros et al. 12 Cadaveric proximal humeri were fractured to simulate a fall and the effect of cortical thickness and density measurements derived from dual-energy X-ray absorptiometry were evaluated. Radiographic morphometric and densitometric measurements from radiographs (comprising cortical thickness and mean density in the central humeral head) were demonstrated to be strongest predictors of bone strength. These factors were also shown to be superior to other simple-to-measure radiographic parameters (areal cortical index, canal-to-calcar ratio, and medial cortical ratio) in determining bone strength. 13 Limitations of this study included the small sample size, which was due to the high costs associated with preparing cadaveric shoulder specimens, imaging preand post-fracture, and the process of cortical thickness mapping. A larger sample size would have increased the power of the study and reduced the risk of a type two error. The computerised simulator used, did not take into account the influence of the soft tissue envelope surrounding the proximal humerus, including the capsule. This is an important factor affecting fracture pattern, particularly in side impact injuries, which may not have been accurately represented in this study. Other limitations include missing information on age, gender, bone quality, and anthropometry. Further work should evaluate the effect of soft tissue coverage and also the use of the native glenoid given its greater compliance than PMMA.
In conclusion, the novel biomechanical model of proximal humeral fractures used in this study has been able to distinguish between different mechanisms of injury and resulting fracture configurations. The 'parachute reflex' was recognised to produce shield and head spilt fractures, with the strong glenoid bone acting as an anvil and dissipating forces through weaker areas of thin cortical bone. Understanding the deformities that occur in greater detail may assist surgeons in gaining anatomical reduction of bony fragments, particularly those that are intra-articular. In shield-type injuries, correcting the valgus impaction of the articular surface and reducing the tuberosities is essential.
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